Electrowetting(EW)-induced droplet motion has been studied over the last decade in view of its promising applications in the field of microfluidics. The objective of the present work is to analyze the physics underlying two specific EW-based applications for microelectronics thermal management. The first of these involves heat absorption by liquid droplets moving on the surface of a chip under EW actuation. Droplet motion between two flat plates under the influence of an electrowetting voltage is analyzed. An energy minimization framework is employed to predict the actuation force on a droplet. This framework, in combination with semi-analytical models for the forces opposing droplet motion, is used to develop a model that predicts transient EW-induced droplet motion. The second application is targeted at hot spot thermal management and relies on the control of droplet states on artificially structured surfaces through an applied EW voltage. The influence of an electrowetting voltage in determining and altering the state of a static droplet resting on a rough surface is 2 analyzed. An energy-minimization-based modeling approach reveals the influence of interfacial energies, surface roughness parameters and electric fields in determining the apparent contact angle of a droplet in the Cassie and Wenzel states under the influence of an EW voltage. The model is used to establish preliminary criteria to design rough surfaces for use in the hot-spot mitigation application. The concept of an electrically tunable thermal resistance switch for hot-spot cooling applications is introduced and analyzed.
Introduction
Surface tension-based control of fluid motion at the microscale is attractive for a variety of microfluidic applications because of the dominant influence of surface tension at these length scales and the elimination of mechanical moving parts. A number of surface tension-based fluid handling techniques have been discussed in the literature, the most significant among which include electrowetting (EW) [1] (reduction of interfacial tension by the application of an electric field), thermocapillarity driven pumping [2] (reduction of surface tension by temperature, leading to fluid motion) opto-electrowetting-based [3] pumping (lightcontrolled surface tension-induced pumping) and vapor bubble-based pumping [4] .
Electrowetting (EW) is a surface tension control-based technique and has been used to demonstrate droplet actuation [5] [6] [7] [8] [9] [10] [11] [12] and other microfluidic operations such as the formation, mixing and splitting of droplets [13] . Bahadur and Garimella [14] developed a generic energy minimization-based modeling framework for EW systems and used it to estimate the 3 EW actuation force on a droplet moving between two flat plates. The actuation force model was combined with semi-analytical models for predicting the forces opposing droplet motion to develop a model to predict transient EW-induced droplet motion. The first objective of the present work is to highlight the electromechanical nature of electrowetting-induced droplet motion. It is shown that the actuation force predicted by using the concept of an interfacial energy change as described by Bahadur and Garimella [14] is the same as that obtained from a purely electromechanical approach.
The heat dissipation enabled by EW-induced droplet movement offers enormous potential for microelectronics cooling applications. Paik et al. [11] experimentally demonstrated that EW can be used for hot-spot cooling by measuring the decrease in hotspot temperature resulting from EW-induced motion of an aqueous droplet on a flat surface.
Electrowetting can also be used to provide hot-spot thermal management solutions through the use of rough surfaces in conjunction with EW. This cooling scheme would involve the use of specially designed rough surfaces to minimize the droplet-substrate contact area while the droplet is being moved to the hot spot by EW-induced actuation. This would result in lower frictional resistance (lower EW voltages) and reduced pre-heating of the droplet in this phase. An additional EW voltage applied at the hot spot would then cause the droplet to spread out and also wet the grooves of the rough surface, thereby enhancing heat transfer.
Krupenkin et al. [15] demonstrated such a wetting transition from hydrophobicity to complete wetting in low-surface-tension liquids on nanostructured surfaces under the application of an EW potential. Bahadur and Garimella [16] developed an energy minimization based modeling approach to analyze the influence of an electrowetting voltage in determining and altering the state of a static droplet resting on a rough surface. In the present work, an energy minimization framework is utilized to analyze the effects of interfacial tensions, EW fields and surface morphology, and hence to predict wetting behavior on artificially roughened surfaces. The model is then used to establish preliminary design criteria for rough surfaces to be used in the proposed hot-spot cooling scheme. A discussion on the nature, design and fabrication of the rough surfaces is also presented along with proof-of-concept experimental results.
Analysis of EW-induced droplet motion
The traditional concept of EWOD (ElectroWetting on Dielectric) is based on a reduction in the dielectric-liquid interfacial energy by the application of a voltage between a conducting droplet and an underlying dielectric layer. This reduction in dielectric-liquid interfacial energy SL  upon the application of a voltage V is given by Lippman's equation [17] as:
where 0 SL  is the dielectric-liquid interfacial energy in the absence of an EW voltage and k and d are the dielectric constant and thickness of the dielectric layer. To actuate droplets, the interfacial energy at one end of the droplet is reduced by applying a voltage to an electrode on that end. The electric field-induced reduction in interfacial energy causes the droplet to 5 spread locally. The resulting change in contact angles sets up a pressure gradient which drives the droplet towards the actuated electrode. Alternatively, EW-induced droplet motion can also be analyzed using energy-minimization considerations, according to which the droplet minimizes its surface energy by transiting to the actuated electrode. This principle is used in the present work to estimate the actuation force on the droplet as it transitions to the actuated electrode.
Physical model
A device for effecting droplet movement [5] using EW is illustrated schematically in Control electrodes are fabricated on the lower plate and are individually addressable. They are covered by a dielectric layer and a thin hydrophobic layer to ensure high initial droplet contact angles. The upper plate consists of a single, grounded electrode plane. The top electrode is also coated with a dielectric layer and a hydrophobic layer. The droplet size is chosen to be slightly larger than the electrode pitch so that it overlaps more than one electrode. When a voltage is applied to the electrode on the right on the bottom plate, the dielectric-liquid interfacial tension on the right end of the droplet decreases. The droplet moves towards the energized electrode as a result, and reaches equilibrium when it is at the center of the energized electrode where the surface energy of the droplet is minimized. By pulsing voltages along an array of discrete electrodes, the droplet can be moved continually.
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It is important to note that the droplet is electrically conducting and is typically surrounded by a (non-evaporating) filler fluid such as silicone oil [5] to minimize evaporation. [14] .
All the capacitances corresponding to the dielectric layers can be represented as parallelplate capacitors (Figure 2a ) which form the capacitive network shown in Figure 3 . The electric field lines in all the parallel-plate capacitors are assumed to be perfectly straight and fringing effects at the sides are not accounted for in the present model. The droplet is assumed to be perfectly conducting; consequently there is no voltage drop across the droplet. 
EW-induced actuation force using an electromechanical approach
The physical model outlined above is set into an analytical framework in this section to estimate the actuation force on a circular droplet during transition. For a droplet of radius r that maintains a circular shape during the entire transition, the areas of the three parallelplate capacitors are given by:
The capacitances of the three parallel-plate capacitors are
where (k 1 ,d 1 ) and (k 2 ,d 2 ) are (dielectric constant, thickness) of the lower and upper dielectric layers, respectively (Figure 3a) , C 1 is the capacitance of the lower plate dielectric with area A 1 , C 2 is the capacitance of the lower plate dielectric with area A 2 , and C 3 is the capacitance of the upper plate dielectric (Figure 3a ). From the circuit in Figure 3 , the total lumped capacitance of the system can be expressed as:
The energy stored in the capacitive system can then be expressed as a function of the transition position of the droplet as:
The derivative of this energy variation gives the electrical actuation force on the droplet as a function of the transition position x as:
The All the actuation force results arrived at in [14] can be reproduced using the electromechanical approach outlined above. Most significantly, it can be shown that for the same dielectric material, the top plate dielectric layer must be thinner than the bottom plate dielectric layer (i.e., d 2 /d 1 < 1) to ensure a positive actuation force during the entire transition. Furthermore, the actuation force on the droplet at all stages during transition is maximized when the top dielectric layer is absent; however, a top-plate dielectric is often necessitated to avoid chemical reactions in the droplet. This maximum actuation force in the absence of a top dielectric layer can be derived as:
Modeling EW-induced droplet motion
The dominant forces [14] opposing EW-induced droplet motion are the shear forces due to the top and bottom plates, the viscous drag exerted by the filler fluid, and the contact-line friction force. Significant challenges exist in modeling each of these force components;
however, the present work is not aimed at resolving these challenges. Semi-empirical expressions are therefore used to model the opposing forces as shown in Reference 14.
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The overall differential equation governing EW-induced droplet motion is then given as:
where m is the droplet mass. The first opposing force on the right hand side of Equation 12
is 
Droplet movement results
The above differential equation (Equation 12) can be solved to obtain the droplet position and velocity variation with time. Figure 
Electrowetting on rough surfaces for hot spot thermal management
Surface morphology can substantially alter the contact angle of a droplet and effectively reduce the contact area of the droplet with the substrate [18] . EW voltages can be significantly reduced if the surface resistance offered to droplet motion is decreased. EW can be used in conjunction with rough surfaces to develop a hot-spot cooling scheme in which a droplet is directed to a particular hot spot in this low EW voltage, low contact area mode. This is also desirable from a thermal standpoint since the low contact area ensures less pre-heating of the droplet, which maximizes its cooling capacity once it reaches the hot spot. Once at the hot spot, the droplet is spread by an additional EW voltage, resulting in intimate contact with the enhanced area offered by the surface features, and hence, enhanced heat transfer. The droplet is then retracted to its hydrophobic state by turning off the additional voltage and pumped away in the low surface resistance mode.
Droplet states on rough surfaces
The design of surfaces for this application first requires an understanding of static droplet behavior on rough surfaces under the application of an EW voltage. The influence of surface roughness is generally understood by a study of two extreme configurations in which a static droplet can rest on a given rough surface. In the first configuration shown in Fig. 5a , the droplet rests entirely on the tips of the rough surface; a droplet exhibiting such composite contact with solid surfaces and the intervening air is referred to as a Cassie droplet [19] . If alternatively, the droplet wets the entire surface including the grooves as shown in Fig. 5b , it is referred to as a Wenzel droplet [20] . He et al. [21] provided experimental evidence that both Cassie and Wenzel droplets are possible on the same surface based on the way the droplets are formed. The Cassie state was achieved by gently depositing the droplet on the rough surface while the Wenzel state was realized by dropping the droplet from a height.
Patankar [22] showed that the surface energy of the Cassie and Wenzel droplets is minimized when the apparent (macroscopic) contact angle equals that predicted by the Cassie and In the Cassie state, the droplet sits on a composite surface of air and solid. The apparent contact angle C  of such a droplet can be obtained [18] from energy-minimization principles as:
where  is the fraction of the solid contacting the liquid and 0  is the contact angle of the droplet on a flat surface. 
where r m is the roughness factor defined as the ratio of the total surface area (including the sides and base of the roughness elements) to the projected surface area (not including the 14 sides of the roughness elements). The Wenzel state thus amplifies the initial hydrophobicity or hydrophilicity of the droplet.
Droplet states on electrowetted rough surfaces
An energy-minimization approach can also be used to develop expressions for the apparent contact angle of a droplet resting on a rough surface in the presence of an EW voltage [16] . The rough surface under consideration must be electrically conducting and is coated with a thin dielectric layer of thickness d and dielectric constant k that conforms to the surface roughness features (not shown in Figure 5 ). An EW field is established across the dielectric by an electrode contacting the conducting droplet and the electrically conducting substrate. The energy-minimization approach consists of estimating the total droplet surface energy as the sum of the solid-liquid, liquid-air and solid-air interfacial energies. EW changes the surface energy content of the droplet by lowering the solid-liquid interfacial energy as predicted by Lippman's equation [17] . Minimization of the surface energy subject to a constant droplet volume constraint gives the apparent contact angle of the droplet on the electrowetted rough surface. The dimensions of the droplet are such that the effect of gravity is neglected; consequently the droplet shape is assumed to be that of a truncated sphere, and is used in estimating the interfacial areas.
The apparent contact angle of a Cassie droplet under the influence of an EW voltage can be obtained following a procedure similar to that adopted by Patankar [22] for no applied 15 voltage. The total surface energy E of a Cassie droplet of radius R and apparent contact angle θ under the application of an EW voltage V can be expressed as: 
The method of Lagrange multipliers is employed to solve this constrained minimization problem [22] , and results in the following equations:
where λ is the Lagrange multiplier. Elimination of λ from Equations 22 and 23 yields the apparent contact angle of a Cassie drop on an electrowetted surface E C  as:
The interfacial energies can be related to the droplet contact angle θ 0 on a flat surface by Young's equation:
which yields:
where η is the electrowetting number expressed as: Patankar [22] showed that the surface energy of a constant-volume droplet can be expressed solely in terms of the apparent contact angle. Furthermore, the droplet surface energy increases with the apparent contact angle of the droplet. This implies that the lower of the Cassie and Wenzel angles corresponds to the stable equilibrium position of the droplet. This principle can be used to design rough surfaces on which the droplet states are manipulated dynamically by changing the relative energy content (and relative stability) of the Cassie and Wenzel states. For instance, a surface can be designed such that the Cassie state is lower in energy than the Wenzel state in the absence of an EW voltage. The droplet can then be made to transition to the Wenzel state by applying an EW voltage, as long as the roughness parameters and the applied EW voltage are such that the electrowetted Wenzel state is lower in energy than the electrowetted Cassie state. EW is thus a powerful tool to manipulate droplet behavior on rough surfaces.
Design criteria for rough surfaces for hot-spot cooling
The relationships developed in section 3.2 can be used to design rough surfaces for the hot-spot cooling application discussed earlier. 
Equation 30 can be used to estimate the minimum voltage required to switch from the Cassie state to the Wenzel state. The application of an EW voltage will also lead to a contact angle decrease in both states which further increases the droplet area available for heat transfer.
The magnitude of this area enhancement depends on the applied EW voltage, and the contact area increases with voltage until the onset of the contact angle saturation phenomenon [17] .
Electrowetting-based thermal resistance switch
The hot-spot cooling application described above can be better understood by treating the considered, the thermal resistance decreases by a factor of 9.7 when the droplet switches from the off to the on state. This reduction in thermal resistance is primarily because of the increased heat transfer area as a result of the contact angle reduction. The thermal conductivity of silicon is more than two orders of magnitude higher than air and water;
consequently, filling the grooves with water (which is significantly more conducting than air) does not lead to a significant reduction in thermal resistance, since most of the heat flows through the silicon pillars. For the rough surface being considered, 160
. This large change in contact angle increases the apparent area for heat transfer by 9.4 times, leading to a significant reduction in thermal resistance. The filling of the grooves would also contribute to significant reduction in thermal resistance in situations where the thermal conductivity of the solid is comparable to that of the droplet fluid.
Rough surfaces for the thermal resistance switch application
Droplet behavior on structured surfaces has been studied for more than five decades and inhibiting reversibility need to be further understood, quantified and factored into the surface design to enable reversible surfaces for application as thermal resistance switches.
Experimental investigations of droplet behavior on artificially structured surfaces are underway with the objective of resolving these issues. Figure 6 (on the left) shows a water droplet on a microstructured silicon surface in the absence of an electrowetting voltage. The droplet is clearly in the Cassie state as is evident from the light visible through the silicon pillars. The droplet can be made to transition to the Wenzel state (droplet on the right in 
Conclusions
An energy minimization-based approach is used to estimate the EW-induced actuation force on a droplet as it transitions to the actuated electrode. It is shown that the actuation force obtained using a purely electromechanical approach is the same as that obtained from the use of interfacial energy change predicted by Lippman's equation. The actuation force model is then combined with semi-empirical models for predicting forces opposing droplet motion to yield a simplified model for predicting transient droplet motion.
The second part of the paper uses the energy minimization principle to develop a theory for predicting the behavior of static droplets on rough electrowetted surfaces. Existing equations for contact-angle prediction on rough surfaces are extended to account for the effects of EW. It is seen that EW is a powerful tool to control droplet behavior on rough surfaces. The model developed is applied to establish basic design criteria for rough surfaces for use in a hot-spot cooling application, which works on the principle of an electrically tunable thermal resistance switch. The dramatic switch in thermal resistance resulting from an EW voltage highlights the potential of EW for developing site-specific thermal management solutions.
